The vasculature of the CNS is structurally and functionally distinct from that of other organ systems and is particularly prone to developmental abnormalities and hemorrhage. Although other embryonic tissues undergo primary vascularization, the developing nervous system is unique in that it is secondarily vascularized by sprouting angiogenesis from a surrounding perineural plexus. This sprouting angiogenesis requires the TGF-β and Wnt pathways because ablation of these pathways results in aberrant sprouting and hemorrhage. We have genetically deleted Gpr124, a member of the large family of long N-terminal group B G protein-coupled receptors, few members of which have identified ligands or well-defined biologic functions in mammals. We show that, in the developing CNS, Gpr124 is specifically expressed in the vasculature and is absolutely required for proper angiogenic sprouting into the developing neural tube. Embryos lacking Gpr124 exhibit vascular defects characterized by delayed vascular penetration, formation of pathological glomeruloid tufts within the CNS, and hemorrhage. In addition, they display defects in palate and lung development, two processes in which TGF-β and/or Wnt pathways also play important roles. We also show that TGF-β stimulates Gpr124 expression, and ablation of Gpr124 results in perturbed TGF-β pathway activation, suggesting roles for Gpr124 in modulating TGF-β signaling. These results represent a unique function attributed to a long N-terminal group B-type G protein-coupled receptor in a mammalian system. tumor endothelial marker 5 | orphan receptor | adhesion | forebrain
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Several signaling pathways, such as the VEGF/VEGF receptor, Delta/Notch, Angiopoietin/Tie, and Ephrin/Eph pathways (reviewed in ref. 3) , are required for vascularization throughout the embryo; these general angiogenic pathways are also required in the CNS. In addition, the Wnt/β-catenin and TGF-β pathways are specifically required for secondary angiogenic sprouting into the developing neural tube (4) (5) (6) . Combined deletion of Wnt7a and Wnt7b in the neuroepithelium, or endothelium-specific deletion of β-catenin, lead to failed CNS angiogenesis and vascular hemorrhage (4, 6) . Similar phenotypes result from the absence of various members of the TGF-β ligand or receptor families (7) (8) (9) (10) or from the absence of integrin αv or β8 receptor subunits (11) (12) (13) (14) .
Here we explore the function of Gpr124, a member of the large family of long N-terminal group B (LNB) G protein-coupled receptors (GPCRs), few members of which have identified ligands or well-defined biologic functions in mammals (15, 16) . A long N-terminal extracellular domain characterizes the LNB GPCRs, featuring functional motifs present in other proteins, where they appear to be important for protein-protein or adhesion-type interactions (15, 17) . The vast majority of members of this family remain orphans, and whether these receptors signal through a conventional G protein mechanism is largely unknown (18) .
Gpr124 was originally described as tumor endothelial marker 5 (TEM5), based on its discovery as a factor with enhanced expression in endothelial cells from colorectal malignancies (19) . Recent in vitro studies suggest a function for Gpr124 in the regulation of endothelial cell survival and growth (20, 21) as well as endothelial cell migration (22) . We report here that Gpr124 is specifically expressed in the developing CNS vasculature and is required for proper angiogenic sprouting into the developing neural tube.
Results
Targeted Global Deletion of Gpr124 Produces Developmental Abnormalities in Cerebral Vasculature, Palate, and Lungs and Results in Perinatal Lethality. We genetically deleted Gpr124 by using VelociGene technology (23) to replace the majority of the protein-coding region with a LacZ reporter gene whose expression is driven by the endogenous Gpr124 promoter (SI Appendix, Fig. S1 A and B) . Reporter gene expression in the developing embryo at embryonic day 11.5 (E11.5) was most notable in the vasculature of the head and body as well as in the snout, limbs, and heart (SI Appendix, Fig. S1C ).
At E10.5, visual comparison of whole embryos did not reveal any differences between embryos homozygously deleted for Gpr124 (Gpr124 Lz/Lz ) and their WT (Gpr124 WT/WT ) or heterozygous (Gpr124 Lz/WT ) littermates. However, by E12.5, all homozygous null embryos (of >56 examined) displayed blood accumulation in the base of the forebrain and along the length of the spinal cord ( Fig. 1 A and B , SI Appendix, Fig. S2 , and Movie S1). At E15.5, blood accumulation was present within the entire forebrain and spinal cord but not elsewhere in the brain ( Fig. 1 C and D, SI Appendix, Fig. S3 , and Movie S2). At birth, Gpr124 tricles, with blood accumulation in the forebrain and in the meninges overlying the brain ( Fig. 1 E and F) . In addition, all Gpr124
Lz/Lz offspring examined at E15.5 or postnatal day 0 (P0) had a cleft palate ( Fig. 2 A and (Fig. 3A ) and lateral aspects of the spinal cord (Fig. 3F) .
In striking contrast to normal embryos, the ventral forebrains and ventral spinal cords of Gpr124 Lz/Lz embryos at E10.5 were almost entirely avascular, although the PNVP appeared normal (Fig. 3 B and G) .
Between E10.5 and E12.5, the ventral forebrain expands, forming the medial and lateral ganglionic eminences, and acquires an increasingly complex vascular network (Fig. 3C) . In Gpr124
Lz/Lz embryos at E12.5, vessels that sprouted into the forebrain ended in disorganized vascular structures or "glomeruloid tufts" (Fig. 3D) . Similarly, the few vessels that sprouted into the ventral spinal cord had a tufted appearance (Fig. 3 H and I ). Blood cells were present within the neural parenchyma surrounding the vascular tufts ( Fig. 3 E and J). Gpr124
Lz/Lz embryos often had buildup in the density of the PNVP, particularly in the dorsal forebrain ( Fig. 3D) .
At E15.5, the dorsal forebrain of Gpr124 Lz/Lz embryos remained sparsely vascularized with abnormal, sometimes tufted vessels (SI Appendix, Fig. S6 C and D). The hypothalamus contained enlarged vessels at reduced density (SI Appendix, Fig. S6 A and B). Vessel development in all other parts of the brain, and in all other parts of the embryo, including the lungs, appeared grossly normal (SI Appendix, Figs. S6 E and F and S7), and the development of these organs, with the exception of the lungs, was indistinguishable between null mutants and control littermates.
Gpr124 Expression Is Specifically Associated with Vessels in Brain and
Spinal Cord. We examined embryo sections containing both normal and abnormal vessels labeled for Gpr124 by in situ hybridization or stained for the LacZ reporter for Gpr124 (Fig. 4 A-F and SI Appendix, Fig. S8 ). Gpr124 expression occurred within CNS vessels and in the PNVP, as well as in abnormal vascular tufts of null embryos, but was not detected in the neuroepithelium at E10.5 ( Fig. 4 A-D) or at E12.5 ( Fig. 4 E and F and SI Appendix, Fig. S8 A and B). By using flow cytometry, to specifically sort endothelial cells and pericytes from brains at E15.5, and quantitative PCR analysis, we showed that Gpr124 mRNA was expressed in both these cell types ( Fig. 4 G and H) .
Interestingly, embryonic Gpr124 reporter expression was also associated with vasculature in parts of the brain and spinal cord that develop normal vasculature after deletion of Gpr124 and was associated with normally developing arteries located outside the CNS (SI Appendix, Fig. S8C ). In the lung primordia at E12.5, Gpr124 reporter expression was detected in vessels and in lung mesenchyme (SI Appendix, Fig. S8D ). In the palatal shelf at E12.5, at the onset of hard-palate formation, Gpr124 reporter appeared to be expressed only in mesenchyme (SI Appendix, Fig. S8E ).
Vessels of the Abnormal Vascular Tufts Recruit Pericytes and Express
Molecules Important for Vascular Development. During angiogenic sprouting into the brain, endothelial cells recruit pericytes that migrate along the sprouting vessels (24) , and a failure in recruitment and/or coverage results in increased capillary diameter, increased permeability, and formation of microaneurysms (25) (26) (27) . By histological staining for pericytes, we found that they were present along vessels and in association with glomeruloid tufts in Gpr124
Lz/Lz mutants at E12.5, indicating successful recruitment of pericytes in the absence of Gpr124 (SI Appendix, To determine whether the expression of vascular receptors that are essential for VEGF or TGF-β signaling depend on Gpr124 expression, we performed immunostaining for VEGF receptors and the nonsignaling TGF-β coreceptor endoglin. These receptors were normally distributed on vessels of the brain and spinal cord of Gpr124
Lz/Lz mutants at E12.5 (SI Appendix, Fig. S9 Part 2 A-L) . However, we did discover that vessels of Gpr124 Lz/Lz embryos at E12.5 lack expression of GLUT-1, a marker of blood-brain barrier formation (2) normally seen in the brain vasculature at this stage (SI Appendix, Fig. S10 A and  B) . In contrast, the neuroepithelium displayed intense staining for GLUT-1, suggesting that these regions are hypoxic (28) .
The Neural Tube of Gpr124 Null Mutants Has Normal Patterning of
Radial Glial Cell Processes. Angiogenic sprouts are guided centripetally from the PNVP by a radial glial cell scaffold (29) , and defects in radial glial cell patterning may cause secondary defects in CNS angiogenesis. In Gpr124
Lz/Lz embryos, the patterning of the radial glia appeared normal when evaluated by immunostaining for the glial marker RC2 (SI Appendix, Fig. S11 A-D) , suggesting that the defect in angiogenesis in the Gpr124
Lz/Lz embryos was not secondary to defective patterning of the radial glia scaffold.
Abnormal Basement Membrane Deposition and Smooth Muscle Cell
Association with Gpr124-Deficient Vessels. Failure to properly form a vascular basal lamina can cause abnormal vascular development (30) . Evaluation of basal lamina by immunostaining for collagen IV showed that the distribution of collagen IV staining was sparse in some parts of vascular tufts and abnormally dense in others, suggesting that a defect in basal lamina formation in Gpr124-deficient vessels may be associated with the formation of abnormal vessels (SI Appendix, 
Abnormal Vascular Tufts Display Changes in Gene Expression That Indicate a Disruption of TGF-β Signaling in Response to Gpr124
Deletion. We used laser microdissection to isolate samples from vessels of the ganglionic eminence and from the surrounding neuroepithelium at E12.5 (SI Appendix, Fig. S12A ), and we analyzed these samples by RNA microarray to identify signaling pathways that might be altered and thus contribute to the vascular defects in Gpr124-deficient mice. Because of the similarities in the phenotype of Gpr124 mutants and that of various mutants of the TGF-β or Wnt pathways (SI Appendix, Table S1), we looked for changes in target genes of TGF-β (phospho-Smad) or Wnt (β-catenin) pathways. To establish the validity of results obtained by this method, we determined whether differences in gene expression existed that were consistent with our histological observations. As expected, the level of Gpr124 expression in glomeruloid tufts of Gpr124 Lz/Lz embryos at E12.5 relative to normal ganglionic eminence vessels of WT control embryos was dramatically reduced, whereas robust expression of the lacZ reporter gene was detected (SI Appendix, Fig. S12B ). Enhanced expression of smooth muscle cell markers α-SMA (Acta2) and SM22a (Tagln), and of the transcription factor myocardin (Myocd), in glomeruloid tufts reflected the increased abundance of α-SMA seen by immunostaining (SI Appendix, Fig. S12C ). There was a pronounced expression of numerous marker genes for red blood cells in the brain parenchyma of Gpr124
Lz/Lz embryos relative to normal control (SI Appendix, Fig. S12D ). Increased expression of Glut1 (Slc2a1) in the brain parenchyma of Gpr124 null mutants (SI Appendix, Fig. S12E ) matched our GLUT-1 immunostaining results. Along with Glut1, expression of several additional genes indicative of hypoxia were elevated (SI Appendix, Fig. S12E ). We found that several endothelial cell markers were expressed more abundantly in samples from Gpr124
Lz/Lz mutants than in samples of normal vessels, by about threefold, suggesting that mutant vessel samples might be enriched in endothelial cells (SI Appendix, Fig. S12F ). Therefore, when evaluating all changes in gene expression in our vessel samples, we gave greater emphasis to measurements showing changes of threefold or greater.
To search for a possible effect of Gpr124 deletion on the TGF-β or Wnt7a/7b pathways, we compiled lists of TGF-β (or pSmad) and Wnt7a/7b (or β-catenin) target genes based on PCR array lists (SABioscience), public databases (Ingenuity), and literature searches, and we determined whether these genes were significantly regulated (≥1.5-fold change, P < 0.05) in vessel samples or neuroepithelium samples. We found that the expression of a striking number of TGF-β target genes (12 of 27, 44%) was altered in the glomeruloid tuft vessel samples of Gpr124
Lz/Lz embryos relative to normal. All but one of these genes was up-regulated, including plasminogen activators (Plat and Plau), plasminogen activator inhibitor (Serpine1), and TGF-β-inducible genes (Tgfb1i1 and Tgfbi) (Fig. 5A) . Our vessel samples also showed an 8.4-fold increase in Id3, a target gene of both TGF-β and bone morphogenetic proteins (BMPs). We did not see increased expression of BMP receptor genes in vessel samples but did detect a 35-fold increase in BMP7. Whether enhanced BMP signaling might also occur in glomeruloid tufts warrants further investigation. Expression was altered for far fewer target genes of β-catenin (4 of 21, 19%) or Delta/Notch (2 of 7, 29%) ( Fig. 5 B and C) .
Although the microarray data did not reveal a significant increase in VEGF itself in the neuroepithelium (SI Appendix, Fig.  S12G ), we found that a large number of genes indicative of VEGF stimulation of endothelium were up-regulated in the vessels of Gpr124
Lz/Lz mutants, including Ang2, Dll4, and Kcne3 (31) (32) (33) . Therefore, the abnormal vessel development in Gpr124 null mutants is not likely because of a deficiency in VEGF or VEGF signaling.
We also found numerous genes expressing components of the basal lamina that were up-regulated in vessels (SI Appendix, Fig. S12H ). Many genes (including Ddr2, Lama2, Lamb1-1, and Nid2) showed large changes, and matrix metallopeptidase 2, which degrades collagen IV present in basal lamina during vessel growth, was up-regulated 30-fold, suggesting that the abnormal vessels of Gpr124 null mutants are in an activated state of basal lamina modeling. . Only values with a mean fold change >1.5, or <0.66, and a KO vs. WT t test P value ≤ 0.05 are shown. Values not meeting both of these criteria were considered to be unchanged and are represented by dots. Genes represented more than once showed significant changes in expression by multiple probes.
Gpr124 mRNA Expression Is Induced by TGF-β1 in Endothelial Cells in
Vitro. To determine whether expression of Gpr124 might be regulated by TGF-β1, we measured Gpr124 mRNA expression by microarray in human umbilical vein endothelial cells (HUVECs) after a 6-h stimulation by TGF-β1 or by the related growth factors activin AB, growth differentiation factor 11, growth differentiation factor 8, or BMP4. Both TGF-β1 and activin AB induced a significant increase in Gpr124 mRNA ( Fig.  6 and SI Appendix, Fig. S13) .
Discussion
Our data demonstrate that the orphan LNB GPCR Gpr124 is required for normal angiogenic sprouting from the PNVP into the developing forebrain and spinal cord but, remarkably, not for vascular development in other regions of the CNS or in other embryonic tissues. Intriguingly, genetic ablation of genes from two signaling pathways, the TGF-β pathway and the Wnt7a/7b pathway, results in abnormally formed vessels specifically in embryonic forebrain and spinal cord that are strikingly similar to the vascular phenotype we see in Gpr124 null mutants (SI Appendix, Table S1 and refs. therein). We found that Gpr124 is expressed specifically in vessels of the CNS, both in endothelial cells and pericytes, consistent with a recent report that also showed that endothelial-specific deletion of Gpr124 produces an abnormal vascular phenotype similar to that seen upon global deletion (22) . The presence of Gpr124 in vascular cells raises the question of whether and how this receptor interacts with the TGF-β and/or Wnt signaling pathways to modulate angiogenic sprouting into the developing CNS. In addition to the abnormal CNS vessel phenotype, Gpr124 null mutants exhibited a cleft palate and reduced lung size, and these were the only other developmental abnormalities that we observed through birth. Lending further support to the hypothesis that Gpr124 may interact with the TGF-β and/or Wnt pathways, a cleft palate is also seen after deletion of TGF-β3, integrin αv, or integrin β8, and hypoplastic lung development occurs after deletion of TGF-β3 or Wnt7b (SI Appendix, Table S1 and refs. therein). TGF-β3 promotes endothelial-mesenchymal transition during fusion of the palatal shelves (7, 34) , and thus Gpr124 is implicated in this process as well.
The signaling mechanisms used by the large family of LNB GPCRs have largely remained an enigma. Although we have not elucidated the direct mechanisms of signal transduction by Gpr124, our detailed phenotype analysis has suggested an interesting connection between this receptor and other signaling pathways. Our microarray analysis on samples of vessels from the ganglionic eminence of Gpr124 null mutants showed that the expression of numerous TGF-β target genes was altered. The number of genes affected, together with the relatively large magnitude of the changes, offers compelling evidence that Gpr124 normally modulates signaling through the TGF-β pathway. TGF-β signaling occurs via a heteromeric receptor composed of TGF-βR2 in combination with Alk5 (TGF-βR1) or the endothelialspecific receptor Alk1 (Acvrl1). The endothelial-specific receptor endoglin serves as a coreceptor for Alk1. Deletion of Gpr124 may modestly increase the expression of endoglin (microarray results showed a sixfold increase), but we did not see evidence for substantial changes in expression of other TGF-β receptor subunits. Although deletion of Gpr124 altered the expression of several target genes of the Wnt and the Notch pathways, the effect on these pathways was not as pervasive as it was for the TGF-β signaling pathway, suggesting that Gpr124 preferentially interacts with the TGF-β pathway. This conclusion is consistent with a recent report that ablation of Gpr124 does not disrupt β-catenin signaling in developing CNS endothelial cells (22) .
Both our immunohistochemistry and microarray analyses revealed the presence of abnormal expression of SMA in cells associated with the glomeruloid tufts in Gpr124 null mutants. In addition, we observed abnormal distribution and deposition of vascular basal lamina collagen in the glomeruloid tufts. Formation of basal lamina, and recruitment or differentiation of smooth muscle cells, are hallmark responses to TGF-β stimulation (24, 35, 36) , lending further credence to an elevated TGF-β signaling in the vessels of Gpr124 null mutants.
We demonstrated that TGF-β1 induces an up-regulation of Gpr124 expression in endothelial cells in vitro, as does activin AB, which, like TGF-β1, exerts transcriptional effects through Alk receptor-mediated phosphorylation of Smad2/3. Together, our data suggest a potential model for the relationship of Gpr124 to the TGF-β signaling pathway and its known functions (SI Appendix, Fig. S14 ). Interaction of TGF-β family members with their receptors leads to phosphorylation of Smad proteins, which participate in the transcriptional activation of specific target genes. These target genes can include Gpr124 and genes related to basal lamina and extracellular matrix production. We propose that Gpr124 may be a downstream effecter for some of the cellular responses to TGF-β. Potential functional roles for Gpr124 in endothelial cells, suggested by in vitro studies, include directed endothelial cell migration and contact inhibition of endothelial cell proliferation (21, 22) . Our data also suggest that Gpr124 normally acts as a negative-feedback regulator to dampen signal transduction by the pathway (SI Appendix, Fig. S14 ).
The vascular defects observed in mice lacking the TGF-β, Wnt7a/7b, or Gpr124 pathways appear to be remarkably similar to those described in human premature infants. Cerebral vascular defects and hemorrhages (e.g., germinal matrix hemorrhage, intraventricular hemorrhage) are seen in one-fifth of all premature births in developed countries and are a major cause of prenatal/ perinatal morbidity and mortality (37) . A better understanding of CNS vessel development may offer insights into not only the cause but also the prevention of these serious vascular abnormalities.
Materials and Methods
Animals and Treatments. All work was performed by using protocols approved by the Institutional Animal Care and Use Committee. At least three specimens were analyzed for each genotype and stage. The morning of vaginal plug was designated E0.
Engineering of a Gpr124 Null Allele. Targeted ES cells harboring a null allele of Gpr124 were generated by using VelociGene technology (23) . Further details are described in SI Appendix.
TaqMan Analysis of Endothelial Cells and Pericytes Isolated from E15.5 Mouse Brains. Brains from E15.5 WT (Gpr124 WT/WT ) C57BL/6 embryos were dissected and pooled into three samples of ∼10 brains each for analysis. Further details of the protocol are described in SI Appendix. Microarray Analysis of Laser-Microdissected Vessels and Brains. Laser microdissection was performed on brain sections of E12.5 embryos with a Leica LMD6000 system to isolate samples of blood vessels and samples of brain parenchyma absent blood vessels (SI Appendix, Fig. S12 ). RNA isolated from these samples was amplified and hybridized to a custom Agilent array comprising 43,538 60-mer oligonucleotides covering the entire mouse transcriptome. Fold change and Student's t test P values were calculated with GeneSpring (Agilent) from ratios normalized by nonlinear LOWESS normalization. Further details of the protocol are described in SI Appendix.
Histochemistry, Immunohistochemistry, and in Situ Hybridization. Sections cut on the cryostat were immunostained following standard procedures as described in SI Appendix, Materials and Methods. β-Gal histochemistry was performed overnight at 37°C, as previously described (38) . In situ hybridization for Gpr124 was performed on fresh-frozen tissue sections with a riboprobe specific for Gpr124 mRNA (39), as described further in SI Appendix.
Microarray Analysis of HUVECs Treated with TGF-β and Related Growth Factors.
Pooled HUVECs were treated with growth factors for 6 h, and mRNA expression was determined by microarray analysis, as described further in SI Appendix.
